Background/Aim: Pro-resolving and anti-inflammatory mediator products of murine 12/15-lipoxygenase (LOX) exhibit potent actions on vascular inflammation and protect against the progression of atherosclerosis. The present study was designed to determine whether augmenting dietary lipids modulates the body's endogenous anti-inflammatory pro-resolving mechanisms and promotes atherosclerosis. Methods/Results: We investigated the biometabolic consequences of variations in lipid mediator biosynthesis using genetic knockout and overexpression models of 12/15-LOX mice fed the commonly used 'Western diet'. Unexpectedly, this high-fat diet annulled the protective actions of 12/15-LOX, and the combination of a Western diet and 12/15-LOX overexpression paradoxically promoted inflammation leading to production of dietrelated and 12/15-LOX-dependent blood mediators that differentially activated endothelial cells via expression of ICAM-1. Hyperlipidemia not only affected the biosynthesis of lipoxin A 4 , a key pro-resolving mediator, but also disrupted the protective pro-resolving function of 12/15-LOX products, and the enzyme pathway no longer protected against atherosclerosis in vivo. Conclusion: We uncovered a novel mechanism whereby a high-fat diet as well as hyperlipidemia disrupt the homeostasis of inflammation resolution. These findings underscore the importance of dietary essential PUFAs and LOX-derived lipid mediators in combination with lipidlowering agents in the prevention and treatment of atherosclerotic cardiovascular diseases.
Introduction
Leukocytes play a central role in inflammation [1, 2] . They migrate to the site of inflammation, where they interact with other cell types and produce pro-inflammatory or proresolution signals. Lipoxygenases (LOXs) are lipid-oxidizing enzymes, classified, for example, as 5-, 12-, or 15-LOX, according to the position specificity in relation to their common fatty acid substrate, arachidonic acid. LOXs, produced by leukocytes and other cells in the neighborhood, are pivotal enzymes that tip the balance in favor of inflammation or resolution. 15-LOX reaction products interact with 5-LOX to generate lipoxins (LXs) [3, 4] . Two major transcellular pathways of LX biosynthesis have been identified [5] . The first (i) involves platelet-leukocyte microaggregates that promote LX formation by transcellular conversion of the leukocyte 5-LOX epoxide product leukotriene A 4 (LTA 4 ). 12-LOX produced by platelets at the site of inflammation converts LTA 4 to LXA 4 and LXB 4 . It is noteworthy that isolated human platelets do not produce LX, but become a major source of LX when adherent to polymorphonuclear leukocytes (PMN). The other classic pathway for LX production (ii) is initiated by 15-LOX, which inserts molecular oxygen at the C-15 position of arachidonic acid to produce 15-HETE, which is rapidly taken up by PMN and converted to LX via 5-LOX. This event not only produces LX, but also reduces LT formation. Along with arachidonic acid, the 12/15-LOXs in mice and humans are involved in the biosynthesis of specialized bioactive lipid mediators from -3 essential PUFAs coined resolvins and protectins [6] . These mediators possess potent anti-inflammatory and pro-resolving actions that stimulate the resolution of acute inflammation.
Results from several studies implicate different LOXs in the development and progression of atherosclerosis, which is now considered a disease that involves uncontrolled inflammation [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Initiation of atherosclerosis is heralded by the appearance of fatty-streak lesions resulting from the accumulation of lipid-laden macrophages, also known as foam cells, in the subendothelial space. Complex interactions between the resident endothelial cells and smooth muscle cells, and infiltrating monocytes and T lymphocytes determine whether the fatty streaks evolve into vulnerable vascular lesions that are prone to rupture, culminating in an acute coronary event. One hypothesis posits that the murine 12/15-LOX mediates the production of oxidized low-density lipoprotein (LDL), a form of modified LDL that is more atherogenic than native LDL [17] . Of these LOXs, human 12-LOX, 15-LOX type I and 5-LOX have received most attention as they are each expressed in human atherosclerotic lesions. They are also found in animal experimental atherosclerotic lesions where the murine 12/15-LOX combines the enzymatic activities of both human platelet 12-LOX and human leukocyte 15-LOX type I.
One powerful approach to elucidate the role of 15-LOX in inflammation-resolution pathways and atherosclerosis in vivo is the characterization of transgenic animals that overexpress the enzyme. Our laboratory first reported that transgenic rabbits whose macrophages overproduce 15-LOX type I are protected against atherosclerosis [14] . In addition, these same rabbits also exhibit reduced leukocyte recruitment as well as the ability to evoke tissue damage via release of granule-associated enzymes in induced periodontitis, a wellappreciated model of leukocyte-mediated bone loss and inflammation [18] . These rabbits displayed a reduced inflammatory status [18] . Thus, in transgenic rabbits, overproduction of 15-LOX by macrophages ameliorates atherosclerosis and periodontitis, two prevalent inflammatory diseases in humans.
To ensure that different mouse models are studied in the same laboratory environment, we recently conducted a comprehensive series of experiments on the putative role of murine 12/15-LOX in inflammation versus resolution during atherosclerosis development in both overproduction and deficiency models. Use of this strategy enabled us to demonstrate con-gruent outcomes in the same laboratory, i.e. 12/15-LOX production proved protective against atherosclerosis in several models. The simultaneous examination of mouse models that exhibit high, normal, and reduced 12/15-LOX expression permitted the identification of LOXderived mediators LXA 4 , RvD1 and PD1 as key bioactive products that favor resolution via activity stimulating the reduction of multiple inflammatory cytokines, chemokines, and adhesion molecules, effectively putting the brakes on atherosclerosis progression [19] . To examine the action of 12/15-LOX in the basal state, we fed all animals a regular chow (low-fat) diet in both knockout-and overexpression mouse models. The results were consistent with the present appreciation of the role of resolution of inflammation as an important variable in atherosclerosis development [20] .
Atherosclerotic cardiovascular disease is more prevalent among populations in well-developed industrialized nations as compared with those in third-world or developing countries. A major difference in the lifestyle between these populations is the overnutrition associated with a high fat intake in Western society. Hence, we decided to investigate whether the difference in dietary fats might impact the genesis of pro-resolving lipid mediators and the anti-inflammatory action of such mediators. To this end, we analyzed the nutrigenetic action of a standard high-fat diet, i.e. 'Western diet', which has been used by many investigators for murine atherogenesis experiments [21] , on different 12/15-LOX over-and underexpression models. We found, unexpectedly, that not only does such a diet perturb the production of specific lipid mediators, it also annuls the downstream pro-resolution pathways that such mediators exhibit. The protective action of the 12/15-LOX pathway is totally disrupted by highlipid feeding in some cases allowing the mice to develop markedly accelerated atherosclerosis.
Methods

Animals and Quantitative
Morphometry apoE -/-and 12/15-LOX -/-mice with a C57BL/6J background were purchased from Jackson Laboratories. 12/15-LOX -/-were backcrossed with apoE -/-mice to create double-knockout mice. A 12/15-LOX transgenic line targeting gene expression of macrophages was created in our laboratory [19] . Fifteenweek-old female apoE -/-LOX -/-mice were transplanted using bone marrow cells from apoE -/-/LOX -/-or apoE -/-mice as described [22] . After bone marrow transplantation (BMT), mice were kept on a Western diet for 15 weeks. They were maintained under a normal chow diet or a Western diet as indicated. En face or cross-sectional study of the atherosclerotic lesion area was performed as described previously [22] .
Serum Modulation of Tumor Necrosis Factor-␣ -Induced ICAM-1, VCAM-1 and E-Selectin Expression in Cultured Endothelial Cells
The effect of serum from 12/15-LOX -/-and 12/15-LOX +/+ apoE knockout mice on tumor necrosis factor-␣ (TNF-␣ )-induced adhesion molecule expression was tested in cultured human umbilical-vein endothelial cells (HUVECs). Serum was collected from mice fed a normal chow diet or a Western diet as indicated. Samples were first processed for lipid measurements to exclude any lipid-related effects on HUVECs. HUVECs were cultured in 96-well tissue culture plates until a density of 1.0 ! 10 4 cells/well was reached and then incubated with 50 l of serum in the presence of 2.5 U/ml TNF-␣ (Boehringer, Mannheim, Germany) [23] . HUVEC ICAM-1, VCAM-1, and E-selectin expression was determined 3 h after incubation by ELISA [24] . Results are expressed as a percentage of the TNF-␣ response in ICAM-1, VACM-1, and E-selectin expression. Data represent the means 8 SD of triplicate samples of the typical results obtained from the three experiments (n = 3).
Mouse Cytokine Immunoassays and Macrophage Molecular and Functional Studies
We used the Bioplex Protein Array system (BioRad), a multiplexed, particle-based, flow-cytometric assay to measure a panel of 18 cytokines as described [19] . At least 4 animals were included in each group. The expression of specific genes was studied at the mRNA levels by quantitative RT-PCR using a multiplex quantitative PCR system (Stratagene) [25] with the following modifications. For normalization of gene expression analysis, we used eight mouse housekeeping genes, PPIA , B2M ( ␤ -microglobulin), GAPDH , ALAS1, HMBS, RN18S, EeF1g , and ␤ -actin , as endogenous controls. Moreover, using GeNorm [26] , we selected PPIA and EeF1g as the two most stable housekeeping genes within our experimental conditions and used the geometric standardization as described [26] . For macrophage functional assays, peritoneal macrophages were activated with intraperitoneal injection of 1 ml of 3% aged Brewer's thioglycolate (Difco Laboratories) 3 days prior to collection. We quantified the uptake of AcLDL and phagocytosis of microspheres by macrophages in vitro using protocols described earlier [19] . Phagocytosis under high-lipid conditions was performed after adding 0.5 mg/dl of LDL in the culture media simultaneously with the fluorobeads. LXA 4 was from Calbiochem and handled as described [19, 27] . LXA 4 was measured using commercially available ELISA kits (Neogen, Lexington, Ky., USA), as described in Romano et al. [28] . Briefly, samples were acidified to pH 3.5 and applied to preconditioned Sep-Pak columns. After washing with water and petroleum ether, LXA 4 was eluted with methyl formate. The solvent was evaporated and the extract was dissolved in extraction buffer and assayed for LX levels using a calibration curve carried out for each experiment.
Statistical Analyses
Group comparisons were performed using t test routinely, except when value distribution failed the normality test, in which case we used the Mann-Whitney rank sum test as specified (SigmaStat, Jandel Scientific). Data are expressed as means 8 SEM. All p values are two-tailed and p ! 0.05 was set to be significant. fig. 2 c) .
Results
12/15-LOX-Mediated Atheroprotection Is Annulled in High-Fat-Diet-Fed Mice
In parallel experiments using the macrophage-specific overexpression system, 12/15-LOX overexpression did not have an apparent significant effect on atherosclerosis development in apoE -/-mice that had been fed a Western diet for 10 fig. 3 a) . Again, there was no difference in the plasma cholesterol and triglyceride levels in the overexpression and wild-type mice ( fig. 3 c) . Therefore, Western diet feeding usurped the protection offered by 12/15-LOX expression previously observed in chow-fed animals in both 12/15-LOX knockout and overexpression models [19] .
Plasma from 12/15-LOX -/-Mice Modulates Adhesion Molecule Expression in HUVECs
Although there was no difference in plasma cholesterol or triglyceride levels in the wildtype and the corresponding overexpression and knockout models on the Western diet, we examined whether non-lipoprotein plasma factors in Western-diet-fed versus low-fat-chowfed mice contributed to the overall inflammatory balance related to 12/15-LOX expression. We isolated plasma from 12/15-LOX -/-/apoE -/-mice versus apoE -/-littermates, incubated it with HUVECs in culture, and quantified the effect of the plasma on TNF-␣ -induced adhesion molecule expression by these cells ( fig. 4 ) fig. 4 a, left panel). There were no differences in plasma cholesterol or triglyceride levels in the wild-type and the knockout models on the chow diet. Also, when we incubated HUVECs in plasma from Western-diet-fed mice of the two genotypes, no differences were obtained in the levels of TNF-␣ -induced VACM-1 or ICAM-1 expression ( fig. 4 b) . Therefore, high-fat diet feeding abolished the suppressive effect of plasma isolated from mice with 12/15-LOX expression on ICAM-1 expression. Endothelial cell activation may be related to the pro-inflammatory cytokine balance which we have shown in the plasma of 12/15-LOX-deficient mice fed a chow diet [19] .
Macrophage Gene Expression in Relation to 12/15-LOX Genotype
Macrophages are a central cell type that modulates the inflammatory milieu that feeds atherogenesis. To understand how 12/15-LOX expression modulates macrophage gene expression with respect to inflammation-related molecules, we first compared the level of twenty putative inflammation-and atherogenesis-related gene transcripts in macrophages isolated from wild-type and 12/15-LOX -/-mice. Among these, we found significant changes in the expression of IL-12p40, CCL5, TGF-␤ , and CD18 ( fig. 5 a) . Among 12/15-LOX-derived products, which may be involved in regulating the expression of these genes, we focused on LXA 4 , a lipid mediator initiated by 12/15-LOX action that is readily identified in the blood stream and consequently may affect the inflammatory burden at the systemic level. We previously showed that the stable LXA 4 analog, 15-epi-16-phenoxy-LXA 4 , mimics the in vivo actions of LXA 4 [18, 27] , i.e. downregulating CD18 expression on resting neutrophils, monocytes, and lymphocytes [27] . Therefore, the increased CD18 expression in 12/15-LOX -/-macrophages may be a result of reduced LXA 4 production. We also showed that LXA 4 controls the levels of CCL5 in vivo [19] . We therefore examined the actions of 15-epi-16-phenoxy-LXA 4 on isolated macrophages in vitro and found that it led to downregulation of CCL5 expression by these cells at concentrations of 10 ng/ml and higher ( fig. 5 b) . Also of note is the fact that IL-12 expression in macrophages is reported to be downregulated in the absence of 12/15-LOX [29] ; we corroborated this finding in this study for the IL-12p40 subunit ( fig. 5 c) . Moreover, we found that incubation of macrophages with LXA 4 led to decreased production of the active form of this cytokine [19] , suggesting a more complex regulation of IL-12 in macrophages. However, the result was comparable with other cell types [30, 31] .
We next investigated whether LXA 4 has the capacity to modulate foam cell formation, a key pathophysiological process underlying atherosclerosis development. A useful method to examine this process is the uptake of acetylated LDL (AcLDL) by macrophages in vitro, which turns them into foam cells in the process. LXA 4 downregulated macrophage-mediated AcLDL uptake by 47% ( fig. 5 d) , suggesting that the chemical mediator LXA 4 , which is produced directly by macrophages themselves [19] , may inhibit foam cell formation in the vascular wall.
Diet Modulates LXA 4 Production and Atherosclerosis Phenotype
The important role of LXA 4 as a pivotal specialized pro-resolving mediator and temporal marker of the specialized pro-resolving mediators [32] in modulating inflammation-resolution in vivo prompted us to examine the effect of 12/15-LOX overexpression on plasma LXA 4 level in vivo, and the effect of a Western diet on the process. In contrast to the 2-fold increased circulating plasma LXA 4 Fig. 6 . Impact of lipid conditions on LXA 4 plasma levels and macrophage phagocytic activity. a Circulating LXA 4 levels of apoE -/-/15-LOXtg +/0 (tg) and apoE -/-mice (+/+) fed a regular chow diet (n = 7 and 5) or a Western diet (WD, n = 4 and 4). * p ! 0.05, using Mann-Whitney rank sum test. b Plasma cytokine levels in transgenic mice (light gray bars) versus control (dark gray bars) under conditions of Western diet feeding. * p ! 0.05, * * p ! 0.01, using Mann-Whitney rank sum test. c Macrophages (MPH) were treated with 50 n M of LXA 4 (or vehicle) and co-incubated with fluorescent microspheres (for 70 min) in regular culture medium (RPMI with 10% FBS). High-lipid conditions are created by supplementing the media by additional 0.5 mg/dl of LDL to the phagocytosis medium; * * p ! 0.01 (n = 4 for each set).
mates was not evident under these conditions ( fig. 6 a) . The correlation between the effect of diet on lesion development and the circulating level of LXA 4 further supports the case for its potential role in mediating the protective effect of 12/15-LOX against atherosclerosis development.
In contrast to the downregulated inflammatory balance that we observed in the plasma of 12/15-LOX-overexpressing transgenic mice fed a chow diet [19] , the plasma inflammatory cytokine balance is reversed in mice fed a Western diet ( fig. 6 b) . Indeed, the levels of IL-2, IL-6, IL-17, and IFN-␥ were significantly higher in the transgenic mice suggesting that other factors are involved in setting this pro-inflammatory state.
Clearance of apoptotic bodies is an integral part of efferocytosis and a pro-resolution process in inflammation [20, 32, 33] . We and others have shown that 12/15-LOX was involved in phagocytosis [19, 34] . We therefore examined the effect of high-lipid conditions on phagocytic activity of macrophages in vitro in the presence and absence of LXA 4 . In agreement with our earlier findings [19] , LXA 4 simulates the phagocytic uptake of latex microspheres by macrophages ( fig. 6 c) . However, when the macrophages were incubated in the presence of hyperlipidemic conditions by addition of 0.5 mg/dl of LDL to the incubation medium, the prophagocytic action of this lipid mediator was totally annulled ( fig. 6 c) . Phagocytic function of macrophages is thought to be important in clearing debris and apoptotic cells in the atherosclerotic lesion [35] , thus protecting against atherosclerosis development. These experiments show that, in addition to aberrant LXA 4 production in hyperlipidemic conditions in vivo, the presence of high lipid levels also impairs the phagocytic actions of LXA 4 in isolated macrophages in vitro. Native and/or modified lipoproteins may adversely affect the phagocytic capabilities of macrophages to remove apoptotic/necrotic cells by competing directly with receptors involved in both processes, such as scavenger receptors (CD36, SRBI), lipoprotein receptors (LRP1, LDLR), and other receptors and adhesions molecules (CD18) [19] .
Discussion
LOXs are complex enzyme entities whose activities are tightly regulated with respect to tissue type, stage of cell maturity, and substrate feedback. Beyond their classification as fatty acid dioxygenases, they exhibit multiple catalytic activities [36] , e.g. hydroperoxidase, LT synthase, LX synthase, and hepoxilin synthase activities. Our recent investigations underscored the involvement of different 12/15-LOX products in vascular inflammation and atherosclerosis that include LXs, resolvins, and protectins. Individually, they reduce and/or limit the production of a large proportion of the pro-inflammatory cytokines produced by macrophages. Like LXA 4 , PD1 and RvD1 also stimulate the phagocytic activity of macrophages toward apoptotic cells, an important part of efferocytosis, a process that includes inhibition of inflammatory cell recruitment, promotion of inflammatory cell egress, and clearance of apoptotic cells by phagocytes [19, 20] . Enhancement of the capacity of a macrophage to remove apoptotic and necrotic cells at sites of inflammation and downregulation of the entry of new leukocytes to the site of inflammation protect tissues from excessive damage and oxidative stress related to immune defense mechanisms. Complementing their action on macrophages, the three lipid mediators downstream of 12/15-LOX also exhibit concerted inhibitory actions on adhesion molecule and chemokine expression by vascular endothelial cells, putting a brake on the recruitment of inflammatory cells, to allow the resolution phase to set in and give the vascular wall a chance to return to normalcy [19] .
In the present study, we examined an arachidonic-acid-derived pro-resolution 12/15-LOX product, LXA 4 , in the dynamic buildup of foam cells by preventing the accumulation of modified LDL. These results, coupled with the recent discovery of 12/15-LOX involvement in the reverse cholesterol transport [37] , represent a new dimension in the LOX arena in cardiovascular diseases.
The few clinical epidemiological human studies to date all support an anti-atherogenic or at least neutral role for 12/15-LOX downstream actions [38] [39] [40] , data that support findings in transgenic rabbits that overexpress 12/15-LOX as well as in regular chow-fed mouse models that under-and overexpress the enzyme. Nonetheless, LOXs have displayed intriguing nutrigenetic associations with cardiovascular diseases in human populations and with the metabolic syndrome in mice [41, 42] . Here, we provide in vivo, biochemical, and cellular evidence of complex interactions of LOXs with one of the most popular pro-atherogenic diets used in experimental atherosclerosis. Indeed, we showed that the pro-lipidemic diet not only disrupts the pro-and anti-inflammatory balance of LOXs, but it also interferes with the pro-resolution activities of their products by annulling their pro-phagocytic action in macrophages.
In addition to the complex regulation of LOXs and their multifunctional involvement in different biochemical pathways, the nutrigenetic modulation of the 12/15-LOX pathways shown here would reconcile some of the apparently conflicting results obtained in different laboratories performed on mice fed high-fat diets of diverse compositions [8-10, 13, 15, 29] . We should keep in mind the complex interactions between diet and 12/15-LOX-derived mediators in atherosclerosis development and treatment, especially with respect to possible therapeutic interventions that target 12/15-LOX enzymatic activities, pathways, and bioactive products.
In summary, we found that conditions of aggressive accelerated atherosclerosis induced by a Western diet usurp the protective function of 12/15-LOX expression and bioactive mediator production, leading to a heightened pro-inflammatory burden. This finding provides new insights into the potentially harmful effect of dyslipidemia, which may disrupt the temporal biosynthesis of pro-resolution molecules and promote atherogenesis. Hyperlipidemia not only affects the synthesis of a key pro-resolving mediator, LXA 4 , it also interferes with its protective action. These studies demonstrate that 12/15-LOXs provide endogenous antiinflammatory signals and protection during normal progression of atherogenesis mediated by downstream products, such as LXs, protectins, and D-series resolvins [19] , effects that seem to be totally annulled in the presence of Western-diet-induced hyperlipidemia. Taken together, these findings underscore the importance of LOX end products as potential pharmaceutical compounds to be used in a combinatorial approach with lipid-lowering agents for the treatment of cardiovascular diseases. Human genetic epidemiology studies on the role of LOXs in cardiovascular diseases must also take into consideration the role of dietary intake of fat and PUFAs in data interpretation.
